VF1 is a DNA-binding protein from the cyanobacterium Anabaena sp. strain PCC 7120. VF1 was originally identified on the basis of its binding affinity to the upstream region ofxisA, which encodes a heterocyst-specific site-specific recombinase. VF1 also binds to the gbi4, rbcL, and njfH promoters in vitro, suggesting that VF1 interacts with genes expressed in both vegetative cells and heterocysts. (22, 42) . The ultimate product of nitrogen fixation in the heterocyst is glutamine, which is exported to neighboring vegetative cells in exchange for the carbohydrate products of CO2 fixation that are necessary for the production of ATP and reductant in the heterocyst.
found near the bifA gene.
Anabaena sp. strain PCC 7120 is a filamentous cyanobacterium that grows as chains of photosynthetic vegetative cells in the presence of reduced nitrogen such as ammonia or nitrate. When deprived of a reduced nitrogen source, cells at semiregular intervals along each filament terminally differentiate to form heterocysts, which are specialized for nitrogen fixation (22, 42) . The ultimate product of nitrogen fixation in the heterocyst is glutamine, which is exported to neighboring vegetative cells in exchange for the carbohydrate products of CO2 fixation that are necessary for the production of ATP and reductant in the heterocyst.
Heterocyst formation requires substantial changes in gene expression that alter the physiology and morphology of the differentiating cell. For example, genes involved in nitrogen fixation (nij) are turned on, while genes involved in carbon fixation (rbcLS) are turned off (17, 23) . In addition to transcriptional gene regulation, two site-specific chromosomal rearrangements are tightly coupled to heterocyst differentiation: the excision of an 11-kb element from the nifD gene in the nifHDK operon and the excision of a 55-kb element from the fdxN gene in the nifB-fdxN-nifS-nifU operon (17-19, 24, 29, 30) . The rearrangements produce continuous coding sequences and functional operons essential for nitrogen fixation. The nifHDK operon encodes the structural proteins of nitrogenase, and the nifB-fdxN-nifSnifU operon is thought to encode proteins required for the maturation of nitrogenase (23, 30, 31) .
We are interested in how these two nif gene rearrangements are regulated during heterocyst differentiation. The xisA gene, which is present within the 11-kb niJD element, * Corresponding author.
encodes the site-specific recombinase required for the excision of that element (21, 25) . The regulation of xisA during heterocyst development is not understood, and attempts to map its promoter were not successful. Expression ofxisA in Escherichia coli is sufficient to cause rearrangement of an artificial-substrate plasmid (6) . In PCC 7120, forced xisA expression from a shuttle vector in vegetative cells, as measured by the rearrangement of the vegetative cell chromosome, requires the deletion of sequences upstream of the gene (6) . This suggested that a trans-acting factor might be present in vegetative cells that could block expression of the xisA gene by interaction with this putative regulatory region.
A DNA-binding protein, VF1, which binds to xisA upstream sequences, has been identified and partially purified from extracts of PCC 7120 vegetative cells (7) . DNase I footprinting and exonuclease III deletion analyses of the xisA upstream region mapped three adjacent VF1-binding sites to a 66-bp region that overlaps the sequences involved in suppression of xisA expression in vegetative cells (6, 7) . VF1 is likely to be involved in the regulation of xisA expression, but its function may not be limited to xisA because it also binds to the glnA, rbcL, and nifH promoters in vitro (7) . Although the binding of VF1 protein to these different promoter sequences has been partially characterized in vitro, the role VF1 may play in their in vivo regulation has not been determined. VF1's possible effects on gene expression are particularly enigmatic because of the differences in the regulation of the genes it interacts with.
To further study the role of VF1 in the regulation of gene expression in PCC 7120, we cloned the bifA gene by a cloning strategy based on a transcriptional interference assay (11, 12) . The strategy provides a genetic selection for expressed clones of genes encoding sequence-specific WEI ET AL. 
MATERIALS AND METHODS
Strains and growth conditions. Strains and plasmids used in this study are listed in Table 1 . For protein extractions, Anabaena sp. strain PCC 7120 was grown in 2 liters of Allen and Arnon liquid medium diluted eightfold (AA/8), with modifications as previously described (20) . Cells were grown at 30'C with illumination at approximately 100 microeinsteins m-2 s-1 and bubbled with 1% CO2 in air. E. coli strains were grown as previously described (20) . Media were supplemented as needed with appropriate antibiotics and 1 mM isopropyl-3-D-thiogalactopyranoside (IPTG). E. coli DH5aMCR (Bethesda Research Laboratories, Life Technologies, Inc., Gaithersburg, Md.) was used for maintenance and amplification of the expression library and all plasmids. E. coli JM107 (43) was used as the host for the in vivo genetic selection.
Construction of selection plasmids. Three selection plasmids were constructed based on in vitro studies of VF1-binding sites in theglnA promoter (32) and thexisA upstream region (7) . A 35-bp oligonucleotide containing the 24-bp VF1-binding site from the ginA promoter was synthesized and ligated into the SmaI (destroyed)-BamHI site of pNN396 (Fig. 1 ). pNN396 is a multicopy plasmid containing the conII promoter and a polylinker (11) . The VF1-binding site together with the upstream conII promoter was subsequently released as a NotI-HindIII restriction fragment and subcloned into the same sites of pNN388 (11) (Fig. 1) .
A selection plasmid based on the VFl-binding site in the xisA upstream region was also constructed. The 251-bp PstI-BamHI fragment from pAM709 containing the three adjacent VFl-binding sites in the xisA upstream region was cloned into the same sites of pNN396. The NotI-HindIII fragment containing the conII promoter regulated by the three xisA binding sites was subsequently cloned into the same sites of pNN388 to form pAM993.
Selection conditions. To establish the antibiotic sensitivities of the selection plasmids, JM107 strains containing pAM993, pAM994, pAM1156, or pNN388 were transformed with pSE380 (5), the vector used to construct our expression library. Their resistances to spectinomycin (SP) and streptomycin (SM) were determined empirically. Luria-Bertani (LB) agar plates were supplemented with four antibiotics: chloramphenicol (CM, 34 jig/ml) for the selection plasmid, ampicillin (AP, 50 pg/ml) for the library vector, and a 1:1 ratio of SP and SM (abbreviated as SP+SM) at combined concentrations of 0, 20, 30, 40, 60, 80, 100, and 150 ,ug/ml to determine the activity of the aadA gene for each plasmid. A 1:1 ratio of SP and SM was used to reduce the number of spontaneous mutants that were resistant to both antibiotics.
In addition, IPTG (1 mM) was added for induction of P, on pSE380.
Construction of the pSE380 expression library. DNA was isolated from PCC 7120 filaments as described previously (19) and was partially digested with Sau3AI. Gel-purified Sau3AI fragments with an average size of 4.4 kb (3.5 to 6.5 kb) were ligated into the BamHI site of pSE380. pSE380 is an expression vector, selectable by AP resistance, that has a superlinker directly downstream of a P, promoter regulated by laclIq carried on the plasmid (5). E. coli DH5aMCR was transformed by electroporation with the ligation mixture and spread on LB plates supplemented with AP (100 jig/ml). The primary expression library before amplification contained approximately 34,300 colonies. Analysis of plasmids from a random sample of 24 colonies showed that 67% contained apparently random inserts of the expected size range. The size of the PCC 7120 genome is 6.4 Mb (3); therefore, the library represents approximately 14 genome equivalents. The primary expression library was amplified and stored as purified plasmid DNA by collecting the cells from the original LB-AP plates and preparing plasmid DNA from the pooled colonies by an alkaline lysis procedure (2) .
Isolation of VF1-like proteins from E. coli clones. After initial selection, a pool of 106 clones (see Results) was tested for the production of VF1 DNA-binding activity. A 5-ml culture of each clone was grown to mid-log phase and induced with IPTG (1 mM). The 106 cultures were pooled, and the cells were collected by centrifugation at 10,000 x g for 15 min. The cell pellet was suspended in 25 ml of extraction buffer (50 mM Tris-HCl [pH 7.5], 1 mM EDTA, 10% glycerol, 0.5% Triton X-100, 2 mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride). The cell suspension was split into two equal portions, and each sample was homogenized with an equal volume of glass beads (0.1-mm diameter) four times for 1 min each at 0 to 4°C in a homogenizing mill (Braun). The cell lysate was cleared by centrifugation at 31,000 x g for 25 min and then 142,000 x g for 90 min at 4°C. The supernatant was fractionated by loading it onto a 3-ml heparin-Sepharose CL6B (Pharmacia LKB Biotechnology Inc., Piscataway, N.J.) column equilibrated with buffer A (50 mM Tris-HCl [pH 7 .5], 0.1 mM EDTA, 0.1% Triton X-100, 10% glycerol, 0.1 M ammonium sulfate, 2 mM DTI, 0.5 mM phenylmethylsulfonyl fluoride) as described previously (7) . The column was washed with 45 ml of buffer A and eluted with a 44-ml linear gradient of 0.1 to 1.0 M ammonium sulfate in buffer A. The column fractions (2 ml) were collected, and 1 pl of each fraction was assayed for VF1 DNA-binding activity by mobility shift assays with both ginA and xisA upstream probes.
For the identification of individual clones, the original 106 colonies were grouped into smaller pools and a simplified extraction procedure was used to obtain samples for mobility shift assays. Individual 5-ml cultures were grown and induced as before and then pooled in small groups or assayed individually. The cell pellet of each sample was suspended in 5 or 10 ml of extraction buffer, and the cells were broken by ultrasonic treatment at 40C for 3 min at a 50% duty cycle, output control setting 5 (Branson Sonifier Cell Disruptor 350 equipped with a tapered microtip). The cell lysate was cleared as before. Ammonium sulfate fractionation was used to partially purify VF1-like proteins to avoid running heparin-Sepharose columns for a large number of samples. Solid ammonium sulfate was added to 20% saturation, and the protein precipitate was removed by centrifugation for 35 min at 35,000 x g at 40C. Solid ammonium sulfate was then added to the supernatant to 60% saturation. The protein precipitate was collected by centrifugation as before. The precipitate from the 20 to 60% cut was suspended in 0.5 to 2 ml of extraction buffer, and 1 to 2 Al was assayed for VF1-like DNA-binding activity.
Partial purification of VF1 from PCC 7120 vegetative cells. PCC 7120 vegetative cell filaments were harvested from late-exponential-growth-phase 2-liter cultures, and VF1 was extracted and partially purified by heparin-Sepharose CL6B column chromatography as previously described (7). One of the peak VF1-containing column fractions was used as the VF1 standard in mobility shift assays.
Analysis of DNA-protein complexes with mobility shift assays. Mobility shift assays (14, 15) (34) . The second strand and gaps in the first strand were sequenced by using a series of complementary synthetic oligonucleotide primers. Sequencing data were analyzed by using the sequence analysis software package of the Genetics Computer Group (GCG) (9) and the NCBI GenBank BLAST e-mail server (1) .
Nucleic acid methods. Standard methods were used for E. coli plasmid DNA isolation and transformation by calcium chloride treatment or electroporation (2) . Restriction endonucleases and other DNA-modifying enzymes were used according to the manufacturer's recommendations or standard methods (2) . Vegetative cell DNA and heterocyst DNA (isolated from purified heterocysts) were prepared as previously described (19) . The Southern transfer was from a 0.5% agarose gel run in TBE buffer (2) The SP+SM resistance of each selection plasmid was compared with that of the unmodified pNN388. The SP+SM resistance was determined under the same conditions that were to be used for enrichment of the expression library; JM107 containing each selection plasmid along with pSE380 was plated on LB agar containing AP (50 ,Lg/ml), CM (34 ,ug/ml), IPTG (1 mM), and a range of SP+SM concentrations. pNN388, which does not contain the antisense conII promoter, provided the maximum possible resistance to SP+SM from its aadA gene. pNN388 allowed normal growth at SP+SM concentrations up to 100 ,ug/ml. The range of SP+SM concentrations at which each selection plasmid allowed no, or very poor, growth compared with that of the control strain containing pNN388 was identified. The SP+SM selection conditions were determined to be 30 to 100 ,ug/ml for pAM993, 75 to 100 ,ug/ml for pAM1156, and 40 to 100 ,ug/ml for pAM994.
Our initial attempt to enrich for clones encoding VF1 DNA-binding activity from the pSE380 expression library was with pAM993. JM107 harboring pAM993 was transformed with the PCC 7120 expression library by electroporation and plated on LB agar containing AP, CM, IPTG, and SP+SM at 100 ,ug/ml. Colonies of various sizes appeared on these plates after 1 day of growth. Attempts to identify clones by characterizing their resistance to SP+SM in the presence and absence of IPTG, which would induce the promoter on pSE380, were unsuccessful. Several larger colonies were selected to determine if VF1 DNA-binding activity could be detected in cell extracts by using mobility shift assays. VF1-binding activity was not detected in any of the clones.
Our first selection plasmid based on the ginA binding site, pAM1156, provided a relatively narrow SP+SM selection range, presumably because of poor transcriptional interference by the regulated conII promoter. Attempts to use this plasmid to enrich for clones from the expression library were unsuccessful. pAM1156 was subsequently modified by deleting 4 bp between the conII promoter and the VFl-binding site to produce pAM994 (Fig. 1) . The SP+SM selection range for pAM994 was significantly wider than that for pAM1156, as stated above.
JM107 harboring pAM994 was transformed with the PCC 7120 expression library by electroporation and plated on LB agar containing AP, CM, IPTG, and SP+SM at 70, 85, and 100 ,ug/ml. We used three different SP+SM concentrations for enrichment because we were unable to predict the degree of repression of the conII promoter by VF1 binding to its binding site. Only full repression of the conII promoter would provide resistance to SP+SM at 100 ,ug/ml. A total of 20,000 transformants were plated. Colonies appeared on all plates, but with decreased frequency at the higher SP+SM concentrations. Analysis of several individual clones from the highest SP+SM concentration for VF1-binding activity did not identify any positive clones and showed that the genetic selection was not definitive in discriminating positive clones from background clones. We selected 106 clones for further study: 84 from 100-,ug/ml, 10 from 85-,ug/ml, and 12 from 70-±,ug/ml SP+SM selection plates. We picked more colonies from the highest SP+SM concentration under the assumption that VF1 binding would efficiently suppress the conIl promoter and allow greater enrichment of positive clones at the higher drug concentration; this turned out not to be the case. Clones encoding VF1 DNA-binding activity were apparently present at higher frequencies at the lower SP+SM concentrations.
Identification of clones encoding VF1 DNA-binding activity. VF1 DNA-binding activity was identified in partially purified protein fractions obtained from a pooled protein sample extracted from the 106 clones. Heparin-Sepharose column fractions from the combined extracts were analyzed by mobility shift assays using xisA ( Fig. 2A) and glnA (Fig. 2B) probes. A VFl-containing fraction from PCC 7120 vegetative cell extracts served as a standard for comparison. The elution profile and the position of the shifted bands for both probes were similar to those obtained with PCC 7120 extracts and showed the expected three DNA-protein complexes for the VF1-xisA interaction (7) . As was originally observed for VF1-xisA interactions, a shift to the slowermigrating complexes was seen in peak fractions (7) . This result showed that at least one clone expressing VF1 DNAbinding activity was present among the 106 isolates.
The individual clones responsible for the VF1 DNAbinding activity detected in the combined extract were identified by progressively subdividing the 106 clones into smaller groups. The 106 clones were first divided into 10 groups of 10 or 11 clones each. For each group, a combined protein extract was partially purified by 20 to 60% ammonium sulfate fractionation and analyzed for VF1 activity by mobility shift assays. Three of the 10 groups showed VF1 activity with both xisA and ginA probes, indicating the presence of at least 3 positive clones among the 31 colonies that constituted the three positive groups (Fig. 3A) . The 31 clones were divided into 10 groups of three or four each. Among these 10 groups, 3 showed VF1 DNA-binding activ- Fig. 2. ity (Fig. 3B) . The nine clones from the three positive groups were then assayed individually, and three positive clones were identified (Fig. 3C) , one from each of the SP+SM selection concentrations. The three clones were analyzed by digestion with several restriction enzymes. All three clones showed the same size insert fragment (4.3 kb) and identical restriction digest patterns with TaqI, MspI, and SmaI-DraI, which produced a significant number of small fragments. We concluded that the three clones were identical, which is consistent with our use of an amplified expression library, and we selected one clone, pAM995, for further studies.
Sequence analysis. The nucleotide sequence of the entire 4.3-kb insert in pAM995 [subcloned in pBluescript SK(+) to make pAM996] revealed the presence of three complete and two partial open reading frames (ORFs) (Fig. 4A) polypeptide that showed 63% identity and 78% similarity to the N-terminal region of the ORF60-5-encoded protein in Synechocystis sp. strain PCC 6803 (8) . The deduced ORF60-5-encoded protein is thought to be homologous to a family of peripheral ATP-binding subunits of membrane-protein complexes involved in metabolite transport. The 630-bp ORF2 encodes a 23-kDa protein with a pI of 6.59 that showed 50.5% identity and 67.3% similarity to the HisB protein of Azospinillum brasilense (13) . The 795-bp ORF3 encodes a 28-kDa protein with a pI of 6.13 that showed 48.6% identity and 70.2% similarity to the EnvM protein of Salmonella typhimunum (38) . The 672-bp ORF4 encodes a 25-kDa basic protein with a pI of 9.70 that showed 77% identity and 87% similarity to the Synechococcus NtcA protein, which is thought to encode a transcriptional activator of genes subject to nitrogen control (39) . The peptide deduced from the 498-bp incomplete ORF5 did not show significant similarity to other known proteins.
We suspected that either ORF4 or the incomplete ORF5 or both might encode VF1 DNA-binding activity. ORF4 and ORF5 were subcloned from pAM996 into pSE380 together and separately (Fig. 4B) . These clones and several exonuclease III-generated deletions of pAM996 (Fig. 4C) were assayed for VF1 DNA-binding activity by using mobility shift gels. These experiments showed that VF1 DNA-binding activity was encoded by ORF4, which we have named the bifA (binding factor A) gene (Fig. 4) . A direct correspondence between the bifA gene product, BifA, and the PCC 7120 VF1 protein cannot be established since VF1 has not been purified and its amino acid sequence is not known.
A Southern blot of EcoRI-and XbaI-digested PCC 7120 vegetative cell and heterocyst DNA was hybridized with a bifA probe. Single fragments of 6.3 and 10 kb were identified in the EcoRI and XbaI digests, respectively (Fig. 5) . No differences were detected between vegetative cell and heterocyst DNA. The bifA gene was mapped to the region between approximately 4.9 and 5.3 Mb on the PCC 7120 chromosome (3) by hybridization to Southern blots of pulsefield gels; the bifA probe hybridized to BlnI (AvrII) fragment A and PstI fragment D (16) . These results show that bifA is a single-copy gene and that it is not closely linked to other mapped genes known to be involved in heterocyst differentiation or nitrogen fixation.
The nucleotide sequence and deduced amino acid sequence of bifA (ORF4) are shown in Fig. 6 . A putative ribosome binding site (RBS) and the restriction sites used for making the ORF subclones are marked.
Computer analysis using the NCBI GenBank BLAST e-mail server (1) showed significant similarity between BifA and a set of prokaryotic regulatory proteins related to E. coli CRP. BifA showed 37% identity and 69% similarity to E. coli CRP (33), 37% identity and 74% similarity to Rhizobium meliloti FixK (4), and 27% identity and 54% similarity to E. coli Fnr (36) . A cyanobacterial member of the CRP family, the Synechococcus CysR protein, which is involved in the regulation of sulfur assimilation (26) , was identified in these searches and showed 32% identity and 53% similarity to BifA. Recently, the sequence of a cyanobacterial regulatory gene, ntcA, related to the CRP family was published (39) . Alignment of the PCC 7120 BifA and the Synechococcus NtcA proteins by using the GCG BESTFIT program showed 77% identity and 87% similarity between the amino acid sequences.
A comparison of the protein sequences for some of these regulatory proteins, using the GCG PILEUP program, is shown in Fig. 7 . A helix-turn-helix motif in the carboxyterminal domain, which has been shown to be involved in specific DNA binding for CRP (10, 35) , and the four glycine residues in the amino-terminal domain, which are associated with a (3-roll structure essential for the regulatory properties of CRP (41) , are potentially present in all five proteins. The cysteine residues present in the amino terminus of Fnr (37), presumably the binding site for metal ions that constitute the oxygen sensor, are not found in BifA. Residues involved in cyclic AMP binding in CRP (28, 41) are not well conserved in BifA.
DISCUSSION
Relative to other organisms such as Kiebsiella, Rhizobium, and Azotobacter spp., little is known about the regulation of nitrogen fixation in cyanobacteria. We have been studying the heterocyst-specific rearrangement of nif operons in Anabaena sp. strain PCC 7120. As part of these studies, we have isolated the gene encoding a potential regulatory protein, BifA, which interacts with several genes that are differentially expressed in PCC 7120 vegetative cells and heterocysts. The bifA gene was cloned by using an in vivo selection scheme (12) with the anticipation that a reverse genetics approach could then be used to develop a better understanding of the role of bifA in PCC 7120 gene regulation.
BifA may be identical to VF1, a protein identified in vegetative cell extracts of PCC 7120 by its interaction with the xisA gene (7) . xisA encodes a developmentally regulated site-specific recombinase that is required for the formation of the nifHDK operon in heterocysts (6, 21, 25 library, large fast-growing colonies were selected from plates containing high drug concentrations. However, none of these putative bifA clones produced VF1 DNA-binding activity. We concluded that the selection scheme could be used to enrich for bifA clones but that we would need to develop a screening procedure to identify the true clones from the background colonies that grew on the selection plates.
TGATTTTTCAGGTGTATTCTTAGGTAATTAGTTTTTAGTTTTTTGTTATTCCGGCATTGGGTAGGGAAGGGAGATGATCGTGACACAAGATAAGGCCCT RBS
We were able to identify bifA clones within a pool of a large number of selected colonies by analyzing the combined protein extracts for VF1 DNA-binding activity. However, this approach required that the specific DNA-protein interaction could be detected in E. coli protein extracts even when only a few percent of the tested colonies were actually producing the desired protein. Residues conserved in all five proteins are shown in boldface and in capital letters in the pileup row. The conserved glycine residues in the N terminus that are associated with the CRP P-roll structure are marked with a star. The putative a-helices of the DNA recognition helix-turn-helix motif in the C terminus are boxed. tent with it being homologous to NtcA, but BifA's interaction with the xisA and rbcL genes does not fit the proposed functions for NtcA. We suspect that BifA acts to inhibit expression of xisA. The regulatory consequences of BifA's interaction with rbcL are unknown but are presumably unrelated to nitrogen metabolism. We propose that BifA can act as both a positive and a negative regulator, as do other members of the CRP family (4, 33) and that its regulatory role in PCC 7120 may involve nitrogen metabolism, as well as other, currently uncharacterized, functions.
